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Direct photon produced from first proton-neutron (p-n) collision during the early stage of heavy
ion reaction is a sensitive probe to reflect energy and momentum distribution of nucleons. In
this work, we embedded the hard photon production channel in an extended quantum molecular
dynamics (EQMD) model, and took the direct photon as a possible probe to improve namely the
Fermi motion in the EQMD model. A possible scheme is offered to handle the dynamical wave
packet width within incoherent bremsstrahlung process. Direct photons calculated by our modified
EQMD were compared with data of 14N + 12C at beam energies E/A = 20, 30 and 40 MeV, and it
is found that the yield, inverse slope and angular distribution of direct photons could be reasonably
reproduced. In addition, asymmetric reaction systems of 4He + C and 4He + Zn at E/A = 53
MeV are also simulated in this work. It is found that the symmetric angular distribution in the
nucleon-nucleon (N -N) center-of-mass (c.m.) frame and the velocity of theγ-emission source can be
reasonably obtained from our method although there is some quantitative differences.
PACS numbers: 21.65.Ef, 25.70.Mn, 21.65.Cd
I. INTRODUCTION
Photon as an untwisted probe offers an attractive al-
ternative way to investigate hadronic property via in-
termediate energy heavy ion collisions [1–8]. Based on
this point, there was a lot of researches on photons in
the past several decades. Around the Coulomb bar-
rier about 0.1 - 10 MeV, hot nucleus is created and
its de-excited γ-ray is produced. Above that energy,
nuclear collective modes emerge. For instance, an ad-
ditional continuum γ-radiation component, namely gi-
ant dipole resonance (GDR), contributes to γ spec-
tra around Eγ ' 10 - 25 MeV. However, γ-ray spec-
tra do not cutoff above the GDR region, they show
a continuum high energy radiation approximately ex-
tending to the 100 MeV level for heavy ion collisions
in the regime of Fermi energy [9]. Usually, the high
energy component of γ-ray spectra is called hard pho-
tons, which are the main research subject in this arti-
cle. It was suggested in early years, for instance, inco-
herent nucleon-nucleon bremsstrahlung [10, 11], coher-
ent nucleus-nucleus bremsstrahlung [12, 13], and nucleon
bremsstrahlung in the mean-field potential [14], etc., are
main production mechanisms of hard photons. It was
experimentally demonstrated that a symmetric angular
distribution of the hard photons in the N -N c.m. frame
and the velocity of the γ-emission source is close to half of
∗Author to whom all correspondence should be addressed. Email:
mayugang@fudan.edu.cn
the beam’s velocity. Such a fact strongly suggests the in-
coherent proton-neutron (p-n) collision during the early
stage of nuclear interaction is dominated for the hard
photon bremsstrahlung [15–19]. Based on this mecha-
nism, the inverse slope of hard photons could be taken as
a measure of the energy and momentum distributions of
nucleons which are responsible for hard photon produc-
tion [2, 3, 20].
On the other hand, the α-clustering phenomenon as
a novel nuclear structure has received great attention in
recent years. An extended quantum molecular dynamics
model [21], as one of a few microscopic transport mod-
els which can give α-clusters with a nice computation
performance, has succeeded in describing multifragmen-
tation [22], giant dipole resonance [23–26], photonuclear
reactions [27] as well as collective flow and shear viscos-
ity etc [28, 29] at Fermi energy. In comparison with the
traditional QMD-type model and its many applications
[30–41], the EQMD model has been improved in some
aspects. For example, a phenomenological Pauli poten-
tial was added, the dynamical degree of wave packets was
considered, and a friction cooling method for the initial-
ization of nuclei was used. Although EQMD has some
advantages to describe novel structures like α-clusters,
the effect of dynamic wave packets, such as Fermi mo-
tion in the original article [21], has not yet fully taken
into account the model. Even though it has no signifi-
cant influence on elastic scattering between nucleons, it
is very important to the inelastic process, e.g., inherent
proton-neutron bremsstrahlung.
In this work, a new method is suggested to deal with in-
elastic scattering including the dynamical wave packet ef-
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2fect specifically for such an EQMD model. We shall show
some results calculated by our modified EQMD model for
the hard photon production around the Fermi energy.
The rest of the paper is organized as follows. The new
method is briefly introduced in Sec. II. The detailed com-
parisons between the simulation results and experimental
data are given in Sec. III. A summary is given in Sec.
IV.
II. RE-EXTRACT NUCLEON’S KINETIC
ENERGY CONSIDERING DYNAMIC WAVE
PACKET EFFECT
A. Direct photon
Because of a destructive interference effect,
bremsstrahlung in proton-proton collisions is an or-
der of magnitude lower than the proton-neutron collision
[42, 43]. In this paper, only the first instant proton-
neutron collision, i.e. pn→ pnγ, is taken into account in
the EQMD model. This elementary cross section adopts
the hard-sphere limit and it is consistent with energy
conservation from Bauer et al. [11],
d2σelem
dEγdΩγ
= αc
R2
12pi
1
Eγ
(
2β2f + 3 sin
2 θγβ
2
i
)
. (1)
Here R is the radius of the hard sphere, αc is the fine
structure constant, βi and βf are the initial and final
velocity of the proton in the proton-neutron center-of-
mass system, and θγ is the angle between the incident
proton direction and the photon emitting direction. More
details of the model can be found in Refs. [11, 17].
The probability for emitting a photon in a single p-n
collision can be written as∫
dΩe
4pi
1
σNN
d2σelem
dEγdΩγ
× [1− S3 (r3,k3, t)] [1− S4 (r4,k4, t)] .
(2)
Here σNN is the elemental nucleon-nucleon cross sec-
tion, r3, k3 and r4, k4 are the coordinates and mo-
menta of the scattered protons and neutrons. The quan-
tities S3 and S4 are the effective occupation fraction
of phase space of the scattered particles, and the term
[1−S3(r3,k3, t)][1−S4(r4,k4, t)] represents the effect of
Pauli blocking in the final state. Ωe is the solid angle of
the vector k3 − k4. Because Ωe can not be uniquely de-
termined by the conservation of energy and momentum,
it is necessary to integrate 4pi solid angle to obtain the
occupation in the final state.
Nowadays, it is generally believed that the hard photon
cross section can be parametrized as
σγ = σRNnpPγ , (3)
where σR is the reaction cross section, Nnp is the to-
tal number of initial np collisions averaged over the im-
pact parameter, and Pγ = C × exp
(
−E
min
γ
E0
)
is the hard
photon (Eγ >30MeV) emission probability in a single
collision. σR can be easily evaluated by the maximum
impact parameter. The Nnp can be calculated by geo-
metrical equal-participant model and its value depends
on the proton and neutron numbers of projectile and tar-
get nuclei. C is a constant fitted to experimental data,
Eminγ = 30MeV and E0 is the inverse slope which de-
pends on the N-N collision energy. The inverse slope
can be obtained by fitting the hard photon energy spec-
trum whose sharpness is close to exponential distribu-
tion
dσγ
dEγ
= Kexp
(
−EγE0
)
. Although there are many fac-
tors that affect the yield, the inverse slope is an essential
physical quantity related to collision energy. Based on
this reason, we use hard photon to reflect the momen-
tum distribution in the nucleus when the incident energy
is known.
After the first compression stage during heavy ion col-
lisions, an additional thermal photon emission source
could appear [44–46]. This is from the secondary p-n
collisions within thermalizing zone. However, this com-
ponent is not important for light collision systems [9]
because of not enough p-n collisions [44]. Based on this
reason, only the direct photons are considered in this pa-
per to avoid discussing the lifetime of the hot zone in
the EQMD model. In some degrees, this truncation will
probably underestimate the yield of hard photons at the
low energy edge which are not important in this work.
B. EQMD model
EQMD model is a many-body transport model in
which each nucleon is represented by a Gaussian wave
packet, and the total wave function as a simple direct
product of those wave packets, can be written as [21]
Ψ =
∏
i
φi(ri)
=
∏
i
(
vi + v
∗
i
2pi
)3/4
exp
[
−vi
2
(ri −Ri)2 + i~Pi · ri
]
,
(4)
where Ri and Pi are the centers of position and momen-
tum of the i-th nucleon (wave packet), υi =
1
λi
+iδi is the
complex width of the dynamic wave packets, λi and δi are
dynamic variables and represent the real and imaginary
parts, respectively. The vi for each nucleon is dynamic
and independent.
The equations of motion with 4A parameters (A means
the number of constituent particles) are following the
time-dependent variation principle (TDVP) [47, 48], and
they can be written as follows [21],
R˙i =
∂H
∂Pi
+ µR
∂H
∂Ri
, P˙i = − ∂H
∂Ri
+ µP
∂H
∂Pi
3~
4
λ˙i = −∂H
∂δi
+ µλ
∂H
∂λi
,
3~
4
δ˙i =
∂H
∂λi
+ µδ
∂H
∂δi
.
(5)
3Here µR, µP, µλ and µδ are friction coefficients, and
H is the Hamiltonian. The system dissipates its energy
and evolves to a stable (minimum or even eigenstate)
state with negative values of these friction coefficients
in initialization after taking several thousand fm/c. As
a result, a very stable nucleon distribution can be ob-
tained. Contrarily, the total energy can keep stable with
zero value of these friction coefficients during the nucleus-
nucleus (n-n) collision. It must be noted that there is a
certain arbitrariness in the selection of the friction coeffi-
cients and cooling time to some extent, however, we will
not discuss those skills here.
Usually, the width of the wave packet depending on
system size is a constant during the reaction in most
QMD-type models, its contribution on kinetic energy was
subtracted. However, in the EQMD model, it takes into
account the wave packet width degree of freedom, and
there is no classical physical quantity corresponding to
those wave packets.
The Hamiltonian H is written as
H =
〈
Ψ
∣∣∣∣∣∑
i
− ~
2
2m
∇2i − Tˆzero + Hˆint
∣∣∣∣∣Ψ
〉
=
∑
i
[
P2i
2m
+
3~2
(
1 + λ2i δ
2
i
)
4mλi
]
− Tzero +Hint.
(6)
The second and third terms represent the kinetic energy
from the momentum variance of wave packets and the
spurious zero-point center-of-mass kinetic energy Tzero
[49], Hint represents the effective interaction potential
energy which will be described later. The kinetic energy
including two parts is a pure quantum effect, which can
be easily understood as follow
ˆ〈p2i 〉
2mi
− 〈pˆi〉
2
2mi
6= 0. (7)
Here
〈pˆ2i 〉
2mi
and 〈pˆi〉
2
2mi
are the i-th nucleon’s kinetic energy
and the center of i-th wave packets’ kinetic energy. Their
difference is not equal to zero because a nucleon is treated
as a wave packet rather than a point particle.
For two-body collision part, only elastic scattering was
considered in EQMD model. Same as most QMD-type
models, EQMD uses the center of wave packets from
the phase space to represent particles within scattering
process. If a collision is accepted, their momenta are
changed, but the position and the width of wave packet
are remained. In addition, the system should satisfy the
energy-conservation and fermionic properties at the final
state. If a Pauli-blocking occurs, it restores them to the
previous state.
Generally speaking, it is reasonable for most transport
models to treat the nucleon as a point particle, same
as the cascade model, rather than a wave packet dur-
ing two-body collision processing. It is also reasonable
for the EQMD model to treat elastic scattering in most
cases, however, the disadvantage will emerge for treating
inelastic scatterings because of the inconsistency of the
particles propagation and two-body collision. The per-
formance of this disadvantage will be shown in the next
section.
For the effective interaction Hint which was mentioned
in Eq. 6, it consists of the Skyrme and Coulomb poten-
tials, the symmetry energy, and the Pauli potential as
follows:
Hint = HSky. +HCoul. +HSym. +HPauli. (8)
The form of Skyrme interaction used in the EQMD model
is the simplest, written as
HSky. =
α
2ρ0
∫
ρ2 (r) d3r +
β
(γ + 1) ργ0
∫
ργ+1 (r) d3r,(9)
where α, β, and γ are potential parameters which are
listed in Table. I. The symmetry potential is written as
HSym. =
CS
2ρ0
∑
i,j 6=i
∫
[2δ (Ti, Tj)− 1] ρi (r) ρj (r) d3r,(10)
where CS is the symmetry energy coefficient. Specifically,
the Pauli potential is presented as
HPauli =
cP
2
∑
i
(fi − f0)µθ(fi − f0), (11)
fi ≡
∑
j
δ(Si, Sj)δ(Ti, Tj)|〈φi|φj〉|2, (12)
where, fi is the overlap of a nucleon i with nucleons hav-
ing the same spin and isospin, θ is the unit step function,
cP is a coefficient related to strength of the Pauli po-
tential, f0 and µ are parameters. This potential inhibits
the system from collapsing into the Pauli-blocked state
at low energy and gives the model capability to describe
α-clustering. Table 1 gives two parameter sets in the
EQMD model [21], and we take the set 2 in this work.
Table 1. Parameter values used in the Skyrme, symmetry, and Pauli
potentials
Parameter α β γ cS cP f0 µ
sets (MeV) (MeV) (MeV) (MeV)
Parameter set 1 -116.6 70.8 2 25 15 1.05 2.0
Parameter set 2 -124.3 70.5 2 25 15 1.0 1.3
C. Re-extract kinetic energy within inelastic
scattering
The Wigner function of the EQMD model is written
as
w(r,p) =
(
1
pi~
)3 A∑
i
exp[−1 + λ
2
i δ
2
i
λi
(r−Ri)2
− 2λiδi
~
(r−Ri) (p−Pi)− λi~2 (p−Pi)
2
],
(13)
4this quantity w(r,p) is the closest analog to classical
phase-space density [50], and it does not produce nega-
tive value in our case. We assume that the i-th nucleon’s
coordinate position is still Ri during two-body scatter-
ing, then it is easy to obtain the conditional probability
for the i-th nucleon momentum distribution
wi (p) =wi (Ri,p) /ρi (Ri)
=
(
λi
pi~2
)3/2
exp
{
−λi
~2
(p−Pi)2
}
.
(14)
Here wi(p) represents the probability of finding the i-th
nucleon’s momentum with p when its position is known
at Ri. Now we sample the i-th nucleon’s momentum
randomly in a single collision,
pi = Pi + ∆p×
√
1− 1
Mi
. (15)
Here ∆p is a random value given along its momentum
distribution. The term including Mi, namely “mass num-
ber” of the fragment to which the wave packet i belongs
[21], is taking account of zero-point center-of-mass kinetic
energy. The detailed definition can be found in Ref. [21].
It has to be noted that ∆p is sampled only once
within a single collision for simplified calculation. Strictly
speaking, it is necessary to sample adequately to obtain a
smooth momentum distribution. However, this deviation
will be suppressed as the increase of event numbers. An-
other potential risk is the unrestricted sampling. It may
introduce a huge collision energy which is nonphysical.
In the view of the above points, a method of adequately
sampling with an appropriate cutoff which is similar to
the test-particle method used in BUU-type model maybe
a better choose. Fortunately, the results from our simu-
lations shown in the next section are enough to provide
some useful information.
Specifically, the wave packets will vanish after sampling
since we use points instead of packets. It is necessary
to modify the Pauli-blocking treatment from the origi-
nal EQMD. In most QMD-type models, the occupation
number of the i-th nucleon can be calculated by integrat-
ing the Wigner function on a hypercube of volume h3
in the phase space centered around the point (Ri,Pi).
If the occupation is bigger than 1, Pauli-blocking hap-
pens. Otherwise, it performs a reject sampling to decide
whether this collision can occur or not. In this work,
we take directly the product of volume h3 and the phase
space density of the points where the scattering particle
is in the final state to replace the integral of the Wigner
function because of the loss of wave packet information
after sampling. The new effective occupation of the i-th
nucleon in the final state can be defined as follows
Si = h
3 ×
∑
j 6=i
δτi,τjδsi,sjwj(R
′
i,P
′
i). (16)
Here wj is the density of the Wigner function contributed
by spectator nucleons to the point (R′i,P
′
i) at where the
scattered nucleon is the final state. Compared with the
conventional version, this new definition is nonideal in
some degrees. It might cause more fluctuation on the
photon yield. However, it is a feasible and simple way
to include this fermonic property based on the actual
conditions described above.
In this section, we have introduced a possible scheme
to treat inelastic collision which is consistent with the
momentum variance of wave packets in EQMD. How-
ever, the point particles would diffuse after a scatter-
ing, in other word, their wave packet can not be re-
covered. The treatment of inelastic scattering described
above can only deal with the relatively rare process which
can be treated as a perturbative process, i.e. hard pho-
ton bremsstrahlung. Here we should emphasize that, this
new method does not add extra energy into the model,
it only re-extracts collision energy which is in consistent
with the wave packet effect of the particle itself.
III. RESULTS AND DISCUSSION
Figure 1 shows time evolution of density at point
(0,0,0) in the n-n c.m. frame (a) as well as hard pho-
ton (Eγ > 30 MeV) production rate (b) for
14N + 12C
at incident energy E/A = 20 (black solid line), 30 (red
dotted line) and 40 (blue dash-dot line) MeV. The pho-
ton yield was calculated by the modified EQMD model.
Here we emphasize the np→ npγ channel is embedded in
the EQMD model as a perturbative process by this work.
In the EQMD simulation, we choose 20fm as the initial
distance between projectile and target nuclei. Figure 1
displays a strong synchronization with time evolution of
system compression. Shortly after approaching two nu-
clei, i.e. almost at the staring point of each curve in
Fig. 1 (a), the production of the direct photon rapidly
increases, and reaches the maximum value when the par-
ticipated zone has the maximum overlap. During the
later stage, the production drops fast until the separation
of target-like and projectile-like fragments. Meanwhile in
the central zone, a quasiequilibrium thermal zone could
be formed and thermal photons shall be created by a sim-
ilar mechanism, but the magnitude and inverse slope are
much smaller than the direct photon component [45]. As
mentioned before, the emission of thermal photons and
the living time of the hot zone which are supposed to be
correlated with incompressibility (EOS) [18, 45] are not
the goal of this work, therefore we only select the early
stage direct photons to discuss in this paper. The time
interval for direct photon production of 75-110, 65-105,
55-95 fm/c are selected for incident energy E/A = 20, 30
and 40 MeV, respectively.
Figure 2 shows energy spectra of hard photons within
about polar angle θlab ≈ 90◦ for 14N + 12C at incident
energy E/A = 20 (black), 30 (red) and 40 (blue) MeV.
The results calculated by the original EQMD are plotted
in panel (a) and the results from the modified EQMD are
shown in panel (b). The experimental data (open mark-
5ers) from Steven et al. [5] show an exponential fall off
with a constant inverse slope in the hard photon energy
spectra above Eγ > 30 MeV. It is clearly seen that there
is a significant deviation on magnitude as well as the in-
verse slope of hard photon energy spectra calculated by
the original EQMD model. The limit of the highest en-
ergy of direct photons by the original EQMD is about
21, 36 and 45 MeV at incident energy E/A = 20, 30 and
40 MeV, respectively. Because of the first p-n collision
is dominant in incoherent bremsstrahlung process, the
upper limit of hard photon energy directly reflects the
maximum available collision energy. The tail of the high
energy photons from experimental data indicates that the
energies of nucleon have been underestimated in the orig-
inal model calculations. Those results show the defect of
the conventional two-body collision method to deal with
inelastic process in the EQMD model. In contrast, from
our modified EQMD model, both the magnitude and in-
verse slope of the experimental data can be reasonably
reproduced. At low energy parts with Eγ < 30 MeV, the
deviation increases as photon energy decreases because
other mechanisms could rise up in this range. At the
high energy parts, the error certainly increases because
of fewer number of high energy scattering nucleons. It is
easy to understand from Eq. 14, the probability of finding
a nucleon in momentum space is rapidly dissipated if it
is far away from the center of the Gaussian wave packet.
Figure 3 shows the laboratory angular distributions of
photons for 40 MeV/nucleon 14N + 12C with photon en-
ergies of Eγ = 20±3 (dark), 40±3 (red), 60±3 (blue) and
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FIG. 1: Time evolution of density at point (0,0,0) in n-n c.m.
frame (a) and hard photon production rate (b) for 14N + 12C
collisions at incident energy E/A = 20 (black solid line), 30
(red dotted line) and 40 (blue dash dot line) MeV.
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FIG. 2: Photon energy spectra from 14N + 12C at incident
energy E/A = 20 (black), 30 (red) and 40 (blue) MeV. The
solid lines with symbols in (a) are the results calculated by the
original EQMD model, while the solid lines with symbols in
(b) are the results simulated by the modified EQMD model.
The open markers represent the experimental data taken from
Ref. [5]. The selected polar angle of those photons is about
θlab ≈ 90◦ (−0.1 < cos(θlab) < 0.1) with respect to the beam
axis.
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FIG. 3: Laboratory angular distributions of photons for 40
MeV/nucleon 14N + 12C, at photon energies of Eγ = 20 ±
3 (dark), 40 ± 3 (red), 60 ± 3 (blue) and 80 ± 3 (pink)
MeV. The lines with solid symbols in panel (a) are the results
calculated by the original EQMD and the lines with solid
symbols in panel (b) are the results simulated by the modified
EQMD model. The open markers represent the experimental
data taken from Ref. [5].
80 ± 3 (pink) MeV. The results calculated by the origi-
nal EQMD (solid line) are plotted in Fig. 3(a) and the
results simulated by the modified EQMD (solid line) are
plotted in Fig. 3(b). The angular distributions from the
same experiment (open markers) are all slightly forward
peaked. It is from the γ-emission source having half of the
beam velocity. Because of the limitation of the original
EQMD model in calculating the hard photon, the spec-
tra of angular distribution above energy Eγ ≥ 40MeV
is much smaller than the experimental value. On the
contrary, both the magnitude and the shape of angular
6distribution are reasonably reproduced using the modi-
fied EQMD model.
We plot four terms of energy in Figure 4 from the same
reaction to explain why the modified EQMD can repro-
duce the hard photon production well. The average of
binding energy 〈Hˆ〉 (a), the average of total kinetic en-
ergy 〈pˆ
2〉
2m (b), the average kinetic energy of the center of
the wave packet 〈pˆ〉
2
2m (c) and the kinetic energy difference
from wave packet 〈pˆ
2〉
2m − 〈pˆ〉
2
2m (d) are plotted in different
panels. The ground state binding energy is about 7.68
MeV/u for 12C and about 7.47 MeV/u for 14N. We can
easily calculate the average energy which is about -2.60,
-0.11 and 2.38 MeV in n-n c.m. frame for this reaction
at incident energy E/A = 20, 30 and 40 MeV, respec-
tively. Figure 4(a) shows that the results from EQMD
model is in a good agreement with theoretical calcula-
tions. The lacks of hard photons can not be attributed
to the total energy in EQMD model, on the contrary, it
must have another mechanism leading to this deficient.
In Figure 4(b), the average kinetic energy keeps stable be-
fore two nuclei touch. The energy will transfer between
kinetic energy and potential energy when the collision
happens. During the final stage, kinetic energy tends to
be stable again. We show the first and second part of
kinetic energy from Eq. 6 in Figure 4(c) and (d), respec-
tively. It is obviously that they are in the same order
of amplitude in Fermi energy domain. The conventional
two-body collision method only considers the first term
during this process. However, it would not give rise to
any problem when the wave packets degree of freedom
has not been considered. In other words, the kinetic en-
ergy can not be stored in the wave packets. However, the
width of the wave packets was considered dynamically in
the EQMD model, kinetic energy transformation shall
take place during the variation of wave packets. Our
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FIG. 5: Proton and neutron momentum distribution in 4He
(a) and 12C (b) after the cooling process. The black solid line
and the red dot-dash line represent the proton and neutron
calculated by the present EQMD model. The blue dash line
represents the proton momentum distribution calculated in
the Wood-Saxon distribution under local-density approxima-
tion. The pink dot line is taken from the variational Monte
Carlo calculation [52].
new method introduced in Sec. II C demonstrates that
how the wave packet effects embodied in the collision
has been clearly shown. This is the reason why the new
method could give better results.
Because the hard photons should be sensitive to the
initial nucleon momentum distribution [51] in the two
colliding nuclei, we also show their momenta distribution
after the fraction cooling process. Figure 5 shows mo-
mentum distributions of protons (black solid line) and
neutrons (red dot-dash line) inside initial nuclei of 4He
(a) and 12C (b) which was extracted in their momen-
tum representation taking account of zero-point kinetic
energy as well as the Wood-Saxon distribution under the
local-density approximation and the variational Monte
Carlo calculation [52]. Because the effect of short-range
correlated (SRC) [53, 54] has not been considered in the
EQMD model yet, it is natural that there is no high mo-
mentum tail (HMT) of nucleon distribution as well as
no difference in the proton and neutron momentum dis-
tribution for symmetric nuclei. Although results from
the EQMD model can not match the whole important
region from 0.5fm−1 to 2.5fm−1, it is obviously better
than the Wood-Saxon case. As a result, the momen-
tum distribution after the cooling process of the EQMD
model is reasonable as traditional initialization method
at least. It is worth to note there is a cutoff in paper of
Or Hen et al.[54] to simulate the high momentum cutoff
obtained from the momentum distribution of deuteron.
However, this limit can only be used to limit the initial
nuclei, it needs to search another treatment to the sam-
pling method in modified EQMD. Of course, it will be of
interest to see the effect of SRC in hard-photon produc-
tion as BUU model [19, 51] by embedding HMT in the
EQMD model in near future.
Because the individual proton-neutron collision is dom-
inant in the incoherent bremsstrahlung process, the angu-
7lar distribution is nearly isotropic in the N -N c.m. frame
and the velocity of the γ-emission source is close to half
of the beam rapidity. However, the N -N c.m. frame
coincides with the n-n c.m. frame in the quasisymmet-
ric system. For this reason, it is necessary to check our
method in asymmetric systems.
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FIG. 6: Photon energy spectra with θlab around 90
◦
(−0.1<cos(θlab)<0.1) calculated by the modified EQMD for
reaction 4He + C (red) and 4He + Zn (blue) at E/A = 53
MeV are compared to those of experimental data (open mark-
ers). The C and Zn target results calculated by the modified
EQMD have been multiplied by factors of 1.5 and 3, respec-
tively.
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FIG. 7: Angular distribution of photons in the proton-neutron
center-of-mass frame with energy Eγ >30 MeV calculated by
the modified EQMD for 4He + C (red) and 4He + Zn (blue)
at E/A = 53 MeV. The symbols are the same as Fig. 6.
Figure 6 compares the energy spectra of hard pho-
tons for 4He + C and 4He + Zn at incident energy
E/A = 53 MeV with our modified EQMD results. We
use the 12C represents natC because its very high abun-
dance. For the same reason, we consider 64Zn, 66Zn,
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FIG. 8: Invariant photon cross section versus rapidity y and
transverse energy Et for reactions of
4He + 12C (a) and 4He
+ 64Zn (b) at E/A = 53 MeV.
67Zn and 68Zn in the second reaction and their ratio is
0.4863 : 0.2792 : 0.0411 : 0.1934 for representing natural
Zn. Although the yield of calculations need to be scaled
upward by a factor of 1.5 and 3, the inverse slope of the
spectra for photon energy above 30 MeV (Eγ > 30MeV)
seems in good agreement with the experimental data.
This demonstrates that a reasonable collision energy can
be realized by the modified EQMD model.
Figure 7 shows the angular distribution of hard pho-
tons in the N -N c.m. frame for 53 MeV/nucleon 4He + C
(red) and 4He + Zn (blue). The experimental data show
a fairly symmetric distribution about θNN ≈ 90◦ because
the p-n collision plays a dominant role in the incoherent
bremsstrahlung process. After being scaled upward by
factors of 1.5 and 3, the results calculated by the modi-
fied EQMD can well describe the experimental data. The
remaining deviations on yield between our simulation and
experimental data might be caused by the uncertainties
from the NN cross section, mean field potential, the hard
sphere radius or even the deviations from experimental
data. It is worth using a more exact sampling method to
investigate systematically in the future.
In addition, we extract the velocity of the γ-emission
source from a contour plot of the invariant γ-ray emission
cross section versus rapidity y and transverse energy Et
[15]. The similar method has also been used to extract
the source velocity of pi [55]. Figure 8 shows the contour
of the constant invariant photon cross section versus ra-
pidity and transverse photon energy (black dotted line)
for reactions of 4He + 12C in Fig. 8(a) and 4He + 64Zn
in Fig. 8(b) at E/A = 53 MeV. The shapes of the con-
tour plots are very similar for these two reactions. They
are nearly symmetrically distributed about a centroid at
rapidity about y = 0.14 and y = 0.12 (black solid line),
respectively. Although those rapidities are less than the
half beam rapidity ( 12ybeam = 0.167) but they are obvi-
ously larger than the rapidity of n-n c.m. frame which
is about 0.084 and 0.020, respectively. It is pointed that
the velocity of projectile has some declines during the
early stage. Besides, comparing with light target, heav-
ier target system will slow the source velocity down con-
siderably. This is probably associated with the fact that
8the second p-n collision maybe rise up within the first
compression process. In all, both angular distribution in
N -N c.m. frame and the source velocity confirm that the
mean velocity (momentum) of projectile nucleus is not be
mistakenly estimated by our method, although we only
sample once during a single collision.
IV. SUMMARY
In this article, we propose a feasible method to improve
the performance of the inelastic process, specially for the
incoherent p-n bremsstrahlung process in the framework
of EQMD model. The energy spectra and angular dis-
tributions of direct photons from the reaction of 14N +
12C at 20, 30 and 40 MeV/nucleon have been calculated
by taking dynamical wave packets effects into account in
our modified EQMD model. The magnitude and inverse
slope of hard photons from those reactions were reason-
ably reproduced in comparison with experimental data.
In addition, asymmetric reactions of 4He + C and 4He +
Zn at 53 MeV/nucleon were also simulated in this work.
Although their photon yields have to be scaled upward
by a factor of 1.5 and 3 in the magnitude, both the in-
verse slope and angular distribution shape in the p-n c.m.
frame, and the velocity of photon source can be correctly
reproduced.
The present work uses the direct photon as a sensi-
tive probe of energy and momentum distribution from
nuclear reaction during the early stage to test the relia-
bility of the model. Compared with the original EQMD,
those results indicate that the more correct momentum
and energy distributions can be obtained in our modified
treatment for the EQMD model. The effect of nucleon ki-
netic energy restored in wave packets is significant around
the Fermi energy, and it is necessary to take into account
those contributions in the inelastic process for the models
which consider the wave packet width degree of freedom.
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